Hastelloy X is the trademark for a nickel-based, high-temperature superalloy that is increasingly applied in gas turbine engines because of its exceptional combination of oxidation resistance and high-temperature strength. The superalloy suffers from hot cracking susceptibility, however, particularly when processed using additive manufacturing and laser powder bed fusion (LPBF). This paper systematically studies for the first time the effect of post-treatment hot isostatic processing (HIP) on the microstructure and mechanical properties of LPBF-fabricated Hastelloy X, with an emphasis on fatigue performance. The experimental results demonstrate that despite the very small number of remaining gas-filled micropores due to pressure counteraction, the high temperature and high pressure during the HIP process promote recrystallisation and closing of the internal microcracks and gas-free pores.
Introduction
Hastelloy X is a solid solution-strengthened, nickel-based superalloy that is widely applied in gas turbine engines because of its exceptional combination of oxidation resistance, formability and high-temperature strength [1, 2] . Compared to other nickel-based alloys such as In718 and In625, Hastelloy X is resistant to stressstrain cracking in petrochemical applications and offers good ductility, even at temperatures as high as 1200°C. Because of Hastelloy X's increased hardness and tensile strength, however, fabricating the customised engineering parts used in the aerospace and marine industries is a challenge when using traditional manufacturing techniques [3, 4] . Laser powder bed fusion (LPBF) additive manufacturing is an advanced manufacturing technology in which metallic powder is selectively melted layer by layer using a high-power laser [5] [6] [7] [8] . The LPBF process offers the ability to fabricate customised Hastelloy X engineering parts.
One problem found in the LPBF of Hastelloy X lies in the material's cracking, however. Some nickel-based superalloys have been found to be particularly susceptible to cracking when processed using LPBF [9] [10] [11] . Recent studies have focussed on microcrack minimisation and the hot cracking mechanism in the LPBF of Hastelloy X [12, 13] . For instance, Tomus et al. [13] have investigated the effect of minor alloying elements (e.g. Si and Mn) on the crack susceptibility of Hastelloy X.
Their study found that an alloy with high Si + Mn content resulted in more microcracks than one with low Si + Mn content. Two primary factors that control crack formation and propagation are generally considered: (i) internal strain accumulation due to the thermal cycling and (ii) crack formation and propagation during solidification, which is known as 'hot tearing' and is dependent on chemical composition [14] .
In another report, however, Marchese et al. [15] pointed out that the Mo-rich carbides that formed at the grain boundaries, together with high thermal residual stress, resulted in hot crack formation along the grain boundaries. Several studies in the literature have discussed possible hot cracking mechanisms. For example, selective electron beam melting has been used to fabricate a non-weldable Ni-based superalloy [16] . That alloy was high in Al and Ti elements, however, which are not present in Hastelloy X. The authors [16] found that hot cracking occurred when two conditions were combined: the presence of (i) a liquid film and (ii) sufficient thermal stress accumulation. The authors also found that hot cracking depended on grain boundary: only high angle grain boundaries, or HAGBs (with misorientation >15º), were affected by cracking. Harrison et al. [3] , who studied the reduction of microcracks in Hastelloy X by using a fundamental alloy design method, found that the alloy's resistance to cracking could be improved by increasing the concentrations of substitutional solid solution strengthening atoms.
A few studies have investigated the mechanical properties and microstructure of LPBF-fabricated Hastelloy X. For example, Tomus et al. [17] investigated the influence of post-heat treatment on the anisotropy of mechanical behaviour and the microstructure of LPBF-fabricated Hastelloy X. They found that the yield strength drastically decreased (by 200 MPa), while a steady increase (by 10%) of elongation until failure was observed following the heat treatment and/or hot isostatic pressing.
Etter et al. [18] studied reductions in mechanical anisotropy through hightemperature heat treatment of LPBF-processed Hastelloy X and observed anisotropy in the Young's modulus, with lower values measured parallel to the build-up direction when different scanning strategies were employed. After heat treatment, the differences between the scanning strategies were nearly eliminated, and the anisotropy of the modulus was greatly reduced.
Tian et al. [19] investigated the influences of process parameters on the surface roughness of Hastelloy X. They found that the large overlap induced by small hatch distances promoted the attachment of particles on the surface, which in turn increased the surface roughness. For inclined surfaces, the roughness of the up-skin surfaces was virtually unaffected by various scanning powers and speeds in their study, while the roughness of the down-skin surfaces increased with laser power and decreased with scanning speed. Wang [20] studied the tensile and fatigue performances of LPBF-fabricated Hastelloy X using an EOS M270 machine with a relatively high laser power of 200 W. Because only one fatigue sample was used in each level of applied load, however, the fatigue life might not have been representative in that study. The author did not analyse the fatigue-fracture characteristics in detail.
Accordingly, in order to obtain fully dense and crack-free Hastelloy X parts, the present study has systematically examined for the first time the effect of hot isostatic pressing on the microstructure and mechanical properties of LPBF-fabricated Hastelloy X, with an emphasis on fatigue behaviour. In addition, the study examines the hot cracking mechanism and offers insights and practical advice on using LPBF to manufacture crack-free Hastelloy X parts.
Materials and procedure

Materials
The Hastelloy X powder used in this study was obtained from Concept Laser GmbH, with a chemical composition (wt.%) of 23Cr-20Fe-10Mo-2.5Co-1Si-1W-0.05C-bal.Ni. Fig. 1 shows the particle morphology and size of the raw material. The particle size distribution was analysed using a Malvern Mastersizer 3000 (Malvern, UK) with an average measured size of 32 µm.
<Insert Figure 1> 
The powder bed fusion additive manufacturing process
A Concept Laser Mlab machine equipped with a 100 W fibre laser was employed to manufacture the specimens. Materialise Magics software was used for file preparation. Prior to the fabrication of the tensile and fatigue specimens, a set of cubic samples (10 x 10 x 10 mm 3 ) was manufactured under different conditions in order to determine the optimal scanning speed and hatch spacing. The optimal process parameters that were subsequently used are shown in Table 1 . These parameters were employed to manufacture tensile and fatigue specimens for use in the remainder of the study. The specimens were manufactured vertically, which means that the applied loading direction in both tensile and fatigue tests was parallel to the build direction.
<Insert Table 1> 
Material characterisation techniques
The relative density of the as-fabricated cubic samples was measured by the Archimedes method in order to determine the optimal scanning speed and hatch spacing. The four samples with the highest relative densities were then sectioned and polished prior to conducting optical microscopy (OM) and scanning electron microscopy (SEM) observations. For the microstructure analysis, the polished samples were electrochemically etched using oxalic acid for 10 s to reveal molten pool boundaries and solidification microstructures in the secondary electron (SE) SEM mode. The hot cracking phenomenon and distribution were examined in the backscattered electron (BSD) SEM mode. The crystallographic orientation of the samples was investigated using electron backscattered diffraction (EBSD), which was performed on an FEI Nova NanoSEM 450 instrument equipped with a TSL/EDAX system.
Half the fabricated Hastelloy X parts were subjected to hot isostatic pressing (HIP); the HIP processing was carried out at 1155ºC for 3 h at 100 MPa argon pressure followed by furnace cooling at Bodycote NV, Sint Niklaas, Belgium. The tensile tests were performed using an Instron 4505 testing machine with a strain rate of 1.5 mm/min at room temperature. The yield strength obtained from the tensile tests was used to determine the stresses that would be employed in the fatigue tests that followed; five levels of stress (three samples for each level) were used in the fatigue tests. The fatigue tests were conducted using an MTS 858 Mini Bionix II testing machine with a maximum applied load of 20 KN at room temperature. The frequency was set to 10 HZ, and the stress ratio (R) was maintained at 0.1, which was the ratio of minimum stress to maximum stress applied during the fatigue testing.
Prior to the fatigue testing, the samples were properly polished, followed by surface roughness measurement using a Talysurf i-Series system.
Results
Relative density
The relative density of the as-fabricated cubic samples as related to scanning speed and hatch spacing are shown in Fig. 2a . When the hatch spacing was maintained at 60 and 75 µm, the relative density measurements increased with the increase in scanning speed until 500 mm/s; the relative density then decreased with further increases in the scanning speed until 800 mm/s. Relatively low scanning speeds (less than 500 mm/s) contributed to lower relative density values under both conditions. This situation could be explained by the keyhole laser working mode that was employed. Fig. 2b shows the molten pools and defects generated by the keyhole laser melting mode at 200 mm/s and 60 µm. Several fairly deep molten pools were observed, which managed to penetrate a few solidified layers. These keyhole-shaped molten pools were found to be associated with the typical keyhole pores. When the hatch spacing was further increased to 90 µm, however, the relative density was found to have decreased from 99.3% to 95.2%, while the scanning The porosity and microcrack distributions of these four samples are shown in Fig. 2c-f. The specimen shown in Fig. 2f had the smallest number of microcracks and pores, which were observed under the different conditions shown in Fig. 2c-f . The cracking appears to have been the primary defect within the LPBF of Hastelloy X.
The formation of microcracks is generally accepted to be caused by thermal stress, which is induced by the temperature gradient during the laser irradiation process.
The microcracks are generated when the residual stress is greater than the ultimate tensile strength during the rapid solidification process. The cracking mechanism will be discussed in more detail in the next section. A very limited number of residual micropores were observed in the HIP-processed sample; the porosity was calculated to be 0.02% by the ImageJ software ( Fig. 2g-h ). The OM observations also confirmed that the optimal scanning speed and hatch spacing values in order to fabricate nearly fully dense Hastelloy X were 200 mm/s and 90 µm, respectively. This parameter combination was then employed to fabricate tensile and fatigue specimens for further investigation of their mechanical properties. of the as-fabricated and HIP-processed samples, which were useful for further analysis of HIP processing's effects on the microstructure change. As the EBSD crystallographic orientation map indicates, the grains were oriented almost parallel to the building direction in the as-fabricated sample, which contributed to the formation of epitaxial columnar grains (Fig. 4a) . Because of the large number of thermal cycles that were induced by laser remelting and conduction, the columnar grains grew across pre-solidified layers. This situation led to fairly large grain formation in the vertical section: the examined maximum grain size in this section was found to be 390 µm (Fig. 4c) . The horizontal section was found to have grains formed with a strong {101} texture perpendicular to the build direction. The grain size was found to vary from 1.7 µm to 173 µm (Fig. 4c) . 4a ) could not be observed, and the EBSD obtained grain size were found to be smaller than the as-fabricated state in both the vertical and horizontal sections. The grains that formed were found to be less than 118 µm and 300 µm in the examined horizontal and vertical sections, respectively (Fig. 4f) . Since the HIP treatment was conducted above Hastelloy X's recrystallisation temperature, significant changes in the microstructure occurred: the recrystallisation led to the formation of new grains and a fundamentally different kind of microstructure. The local deformation during the HIP processing, which generally functions as a driving force, was thought to be large enough to have promoted recrystallisation. This finding agreed with the observed microstructure shown in Fig. 3c-d , which shows that a large number of new grains had formed because of recrystallisation.
Microstructure
It should be noted that the true grain size after HIP treatment has increased, as seen in Fig. 3 , noting that the scale is different in the before and after images.
Because the fine columnar grains have grown epitaxially within the LPBF process, they have an orientation relationship and the EBSD sees them as much larger grains (Fig. 4a-b) , so Fig. 4 is not showing the true grain size. During the HIP treatment, the recrystallisation occurred and larger grains formed, but this texture relationship is disrupted and so the apparent grain size in EBSD decreased. This phenomenon has also been observed in the LPBF of Inconel 718 alloy [21, 22] , in which the grains were found to lose their strictly columnar morphology after HIP processing; microstructure homogeneity was instead promoted. Fig. 5a shows a typical microcrack that was formed in the as-fabricated specimens. The microcrack was found to have formed along the HAGBs. Similar findings have also been reported in the literature [15, 16] . The presence of Mo-rich carbides suggested that local enrichment of the solutes took place at the grain boundaries; the low melting liquid films lower the solid/liquid interface energy [23] and promote cracking by extensive wetting of the solid dendrites during the very last stage of solidification. Chauvet et al. [16] and other studies from the welding literature (e.g. [24] ) have discussed the influences of thermal residual stress in triggering hot cracking. During successive layer-by-layer manufacturing, the top layer is under tensile stresses because its shrinkage is limited by the already solidified layers.
These tensile stresses contribute to pulling on the liquid films, thus wetting the dendrites during the last stage of solidification.
<Insert Figure 5>
The most significant factor in determining the liquid feeding to compensate solidification shrinkage and deformation has not been established. The liquid fracture is generally assumed to be specifically related to an interdendritic pressure drop. Fig.   5b shows a schematic of a hot-tearing model, which illustrates the interdendritic liquid pressure drop at the dendrite root due to the insufficient liquid feeding to compensate solidification shrinkage and deformation. Generally, higher-pressure drops are associated with higher hot cracking susceptibility. The interdendritic liquid is assumed to fracture due to cavitation when the liquid pressure falls below a certain critical value [25, 26] . The proposed hot-tearing model indicates that when the temperature reaches the coalescence temperature, bridging occurs between the dendrite's secondary arms, thus hindering the liquid feeding and finally giving rise to the formation of hot cracks. One strategy in controlling the liquid pressure drop might be to control the Marangoni convection. Due to the rapid solidification and relatively small molten pool found within the LPBF process, however, it is fairly difficult to control the Marangoni convection and change the liquid pressure drop by optimising the LPBF process parameters. Fig. 6 and Table 2 show the tensile-testing results of the as-fabricated and HIPprocessed specimens. The tensile performances of the three as-fabricated tensile specimens were found to be very consistent, with a 480±10 MPa yield strength, 620±15 MPa ultimate tensile strength, 149±9 GPa Young's modulus and 40% elongation. Necking was observed at the fracture surface following the tensile test.
Mechanical properties
Tensile performance
The fairly high elongation (40%) observed implies that the samples showed ductile rather than brittle fracturing during testing. Compared to the as-fabricated tensile specimens, the HIP-processed specimens offered roughly 130 MPa and 60 MPa lower yield strength and ultimate tensile strength, respectively. These values could be attributed to the HIP processing in which recrystallisation took place. The true grain size has increased during HIP, so the yield strength and ultimate tensile strength decreased as expected. The change is relatively small, possibly because the texture of the sub-grains is not such an effective barrier to dislocation movement as they appear. The elongation, however, was not found to have exhibited a notable increase compared to the as-fabricated specimens. This finding differed from the literature [17] , in which HIP processing has been found to contribute to around 10% improvement in elongation from 30% to 40% for an additive-manufactured Hastelloy X. This finding could be explained by the slight difference of the process parameters employed in both LPBF and HIP processing. Another possible factor that led to the similar elongation value within the two sets of samples in the present study could have been the gas-filled pores, which could have emerged from the original feedstock or may have formed within the LPBF process. These pores could not be closed by HIP processing.
<Insert Figure 6> <Insert Table 2> Fig . 7 shows the fracture surfaces of both the as-fabricated (Fig. 7a-d) and HIPprocessed ( Fig. 7e-h ) Hastelloy X samples following the tensile test. The relatively high elongation (40%) was found to be associated with the necking behaviour in both samples; the microcracks that formed were further opened under the uniaxial loading in the as-fabricated sample (Fig. 7a) . The cleavage-like surface observed in the asfabricated specimens (Fig. 7b) indicates that the columnar grains were elongated along the length direction, which is parallel to the loading direction. This behaviour gave rise to the necking phenomenon as well as fracturing at the very last stage. It should also be noted that dendritic features were observed on the as-fabricated fracture surfaces (Fig. 7c) , whereas they were not visible on the HIP-processed fracture surfaces (Fig. 7g) . This situation occurred because the recrystallisation took place within the HIP processing, and the dendrites were not present in the HIPprocessed specimens. The very fine dimple-like structure (dimple size of <1 µm) implies local ductile behaviour for both the as-fabricated (Fig. 7d) and HIP-processed samples (Fig. 7h). <Insert Figure 7> Fig. 8 shows the as-fabricated and HIP-processed fatigue specimens used for stress-controlled fatigue testing. The dimensions of the specimens determined by ASTM standards are shown in Fig. 7a . The polished specimens exhibited fairly smooth surface finish, with a R a roughness value of 0.33 µm for fatigue testing (Fig.   8b-c) . The S-N (stress/number of cycles) curves are plotted in Fig. 9 to show the fatigue performance of the as-fabricated and HIP-processed Hastelloy X specimens.
Fatigue performance
<Insert Figure 8>
The five-level maximum stresses (250-450 MPa) applied were determined based on the yield strength obtained from the tensile tests ( Fig. 6 and Table 2 ). Overall, the fatigue life cycles for both as-fabricated and HIP-processed Hastelloy X specimens were found to increase with a decrease in the applied stress. For the as-fabricated specimens, the magnitude of the fatigue life cycles under 450 MPa was found to be <Insert Figure 9> The obtained S-N curves indicated that the fatigue life cycles tended to be more scattered with reductions in the applied stress for both as-fabricated and HIPprocessed specimens. This trend was more apparent in the HIP-processed specimens. Two factors may explain this situation. First, the material was approaching the endurance limit (and thus an asymptote in the S-N curve), which naturally provides some 'spread' in the material's lifetime under constant applied stress. Second, the surface defects and microcracks formed during the LPBF process are more influential in the lower stress associated with the higher-cycle regions, thus leading to more scattering in that region compared to the higher-stress regions [27] . The surface defects were taken into account, because it is impossible to eliminate all surface defects (e.g. microcracks and pores) by the polishing process and by HIP processing. One should also note that, when the applied stress was reduced to 250 MPa, the three HIP-processed specimens did not fail, even though they were subjected to 1 x 10 7 cycles. Thus, we may conclude that when the stress value is below 250 MPa, regardless of the number of cycles used, failure of the HIPprocessed Hastelloy X will not occur. The failure criterion considered in fatigue testing is the rupture of the tested fatigue samples. Fig . 10a1-4 shows the fracture surfaces of the as-fabricated Hastelloy X specimen, while Fig. 10b1-4 shows the fracture surfaces of the HIP-processed specimen. The fatigue life for the two specimens was measured to be 5.8 x 10 5 and 2.8 x 10 6 cycles, respectively. The improvement in fatigue life for the HIP-processed specimen shows agreement with the obtained fatigue-fracture surfaces ( Fig. 10a1 and b1) , in which the fracture region is smaller than that of the as-fabricated specimen.
Generally, fatigue failure proceeds via crack initiation, crack propagation and final failure at the site with the highest stress concentration, such as notches, pores or other types of local irregularities. Indeed, notches were found in both the asfabricated and HIP-processed specimens, but the as-fabricated specimens seemed to exhibit multiple crack-initiation behaviours at the specimen's external surface. This situation may be explained by the cavities that form within the LPBF process, and cavities are generally associated with stress concentration. An apparent crackinitiation site was observed at the external surface shown in Fig. 10b2 , which confirms that HIP processing could not close the surface's porosity. Furthermore, even if all the pores within the samples could be reduced in size by the HIP process, remaining defects (such as micropores) still had a strong impact on fatigue behaviour.
The crack growth region offered a distinct transition from stable to unstable crack growth for the as-fabricated specimen (Fig. 10a3) , while no apparent transition was found for the HIP-processed specimen (Fig. 10b3) . The HIP-processed Hastelloy X offered a larger and smoother crack-growth region than that of the as-fabricated specimen. This situation may be attributed to the microstructure and residual stress [28] . First, the columnar dendritic grain structure was predominant in the asfabricated specimen, which gave rise to its anisotropy, while recrystallisation occurred in the HIP-processed Hastelloy X, which instead promoted the microstructure's homogeneity. Second, thermal gradient-induced residual stress remained in the LPBF as-fabricated specimens, and the residual stress together with the cyclic stress promoted the propagation of cracks once the cracks were initiated.
The HIP processing, however, released the residual stress in the HIP-processed specimens, such that the fatigue durability was enhanced. Striations were observed in the stable crack growth region in both the as-fabricated and HIP-processed Hastelloy X samples, while secondary cracks were only observed in the asfabricated specimen (Fig. 10a4-b4) . Fig. 10a4 also indicates the elongation and fracture behaviour of the columnar grains under cyclic stress. This behaviour gave rise to a rough crack growth surface in the as-fabricated Hastelloy X.
<Insert Figure 11> than the 300 MPa specimens (Fig. 10) . Compared to the as-fabricated specimen, the HIP-processed specimen displayed a similar fatigue life cycle under the stress of 450
MPa, even though most of the internal pores and cracks were closed, and residual stress release had been achieved. This situation could be attributed to the relatively high cyclic stress (450 MPa) that was applied, which was beyond the yield strength of 350 MPa, such that under each stress cycle, the specimen was subject to plastic deformation.
The crack-initiation site where stress concentration occurred was assumed to have been stimulated by the plastic deformation, and the crack propagated fairly quickly once the crack was initiated. Several unmelted Hastelloy X particles were observed in the crack-initiation sites, where pores were formed within the LPBF process, and they were very close to the samples' external surfaces ( Fig. 11a2 and   b2 ). This situation implies that the LPBF process formed pores that were filled with inert gas, which cannot be closed by HIP processing. A very fine dimple microstructure (dimple size <1 µm) was observed in the two samples' fracture regions ( Fig. 11 a3 and b3 ). This type of dimple microstructure was found to be very similar to the tensile fracture structure (Fig. 7) .
Discussion
This study's experimental results have demonstrated that microcracking is the primary defect within the LPBF of Hastelloy X. The microcracks could not be eliminated even under the optimal conditions; the relative density achieved was 99.3%. The HIP processing was found to close all the microcracks and most of the internal pores by applying high temperature and high pressure. This heat treatment also caused recrystallisation during the fairly long holding time of 3 hours. This situation contributed to a ~130 MPa decrease in yield strength compared to the asfabricated Hastelloy X specimens. The 99.98% relative density of the HIP-processed samples suggests that a very small number of residual pores remained in the HIPprocessed Hastelloy X that could not be eliminated by HIP processing. Fig. 2g shows the residual pores that were observed within the HIP-processed sample, with an average size of 5.6 µm (measured by ImageJ). This finding shows agreement with the literature [22] , in which the additive-manufactured Inconel 718 was postprocessed by HIP processing. The authors have found that the relative density can be improved to 99.985%-99.989% by employing HIP. This effect could be explained by the entrapped argon during the LPBF process: the argon filled in the cavities and counteracted the pressure applied during HIP processing. Thus, all the microcracks that formed within the LPBF process may be concluded to have been gas-free cracks that could be closed by HIP processing, while the very small number of gasfilled pores could not be closed. The percentage of the residual pores was measured to be 0.02% in the present study.
In addition to tensile strength, HIP processing was also found to significantly affect fatigue behaviour. The HIP processing contributed to fatigue performance, and the influence of the processing was found to be more influential in the high-cycle fatigue regime. This finding could be explained by two factors. First, during the crackinitiation stage, stress concentration was the dominant factor to promote crack initiation. Due to the closing of microcracks and cavities by HIP processing, the stress concentration around the micropores inside the Hastelloy X was reduced.
Second, during the crack-propagation stage, residual stress played a significant role in determining the fatigue behaviour. In addition to the closing of microcracks and pores, HIP processing also enabled residual stress release. Thus, the plastic deformation of the specimens was decreased, while the fatigue performance was improved. In the present study, the as-fabricated and HIP-processed specimens exhibited similar fatigue life values under the applied maximum stress of 450 MPa.
This occurred because the applied stress was higher than the yield strength of 350
MPa of the HIP-processed samples, so plastic deformation occurred under every cyclic loading condition.
Conclusions
This study has investigated the effects of hot isostatic processing (HIP) on laser powder bed fusion (LPBF) of Hastelloy X. The fatigue performance in particular was systematically examined for the first time in this work. This study has also highlighted the hot cracking mechanism and has presented the following important findings derived from the experimental results.
(1) An optimal 200 mm/s scanning speed and 90 µm hatch spacing were determined by quantifying the relative density of the as-fabricated cubic samples (10 x 10 x 10 mm 3 ) using the Archimedes method. The relative density was found to be as high as 99.3% under the optimal process parameters, with a small number of pores and microcracks also observed.
(2) Hot isostatic pressing was found to be capable of closing all internal microcracks and gas-free micropores by applying high temperature and high pressure. The small number of residual pores observed showed agreement with the 99.98% relative density obtained in the HIP-processed samples.
Microcracks were not observed in the HIP-processed samples, which implies that all the microcracks that formed were gas-free and thus could be closed by HIP processing. The residual pores, however, were gas-filled and could not be eliminated by HIP processing, which implies that HIP processing cannot contribute to a 100% density value.
(3) Compared to the as-fabricated specimens, the HIP-processed Hastelloy X was roughly 130 MPa and 60 MPa weaker in yield strength and ultimate tensile strength, respectively, which was attributed to microstructure changes and recrystallisation. The HIP-processed specimens exhibited significant improvement in fatigue life: the effects of HIP processing were found to be more influential when the applied stress decreased during fatigue testing (high cycle regime), because the HIP processing managed to reduce the stress concentration sites by closing internal porosity and achieving residual stress release so that the fatigue endurance limit was enhanced.
(4) In terms of the inspected both vertical and horizontal sections by SEM and OM, the microcracks distribution is not found to be location dependent, they are distributed fairly uniformly instead. However, they are found to be formed along the high angle grain boundaries (HAGBs) rather than the low angle grain boundaries (LAGBs) through the EBSD. In addition to conditions proposed in the literature, the interdendritic liquid pressure drop was found to be another significant factor in intergranular microcrack formation.
These results indicate that microcracking is the primary defect in the LPBD of Hastelloy X, while HIP is capable of closing most of the internal cracks and pores.
The disadvantages of HIP processing, however, include extra post-processing cost and a certain degree of sacrifice of tensile strength. In terms of the hot cracking mechanism, since the hot cracking tends to occur along the HAGBs, further study of LPBF process parameter optimisation might be necessary in order to reduce the HAGB fraction in as-fabricated Hastelloy X parts. In addition, since the pressure drop between the dendrite tip and root contributes to hot cracking during columnar grain growth, further study of the thermodynamic properties of molten pools should be conducted in order to have a better understanding of hot cracking formation. Figures   Fig. 1 . Raw powder material: (a) morphology of raw Hastelloy X; (b) particle size distribution. Tables   Table 1 .
Process parameters. 
Parameter
